Several isolates of Bacillus thuringiensis (Bt) were screened for the vegetative insecticidal protein (Vip) effective against sap-sucking insect pests. Screening results were based on LC 50 values against cotton aphid (Aphis gossypii), one of the dangerous pests of various crop plants including cotton. Among the isolates, the Bt#BREF24 showed promising results, and upon purification the aphidicidal protein was recognized as a binary toxin. One of the components of this binary toxin was identified by peptide sequencing to be a homolog of Vip2A that has been reported previously in other Bacillus spp. Vip2 belongs to the binary toxin group Vip1-Vip2, and is responsible for the enzymatic activity; and Vip1 is the translocation and receptor binding protein. The two genes encoding the corresponding proteins of the binary toxin, designated as vip2Ae and vip1Ae, were cloned from the Bt#BREF24, sequenced, and heterologously expressed in Escherichia coli. Aphid feeding assay with the recombinant proteins confirmed that these proteins are indeed the two components of the binary toxins, and the presence of both partners is essential for the activity. Aphid specificity of the binary toxin was further verified by ligand blotting experiment, which identified añ 50 kDa receptor in the brush border membrane vesicles of the cotton aphids only, but not in the lepidopteran insects. Our finding holds a promise of its use in future as a candidate gene for developing transgenic crop plants tolerant against sap-sucking insect pests.
Aphids are soft-bodied insects of various species belonging to the order Hemiptera and are recognized as common pests of crops and ornamental plants. Aphids feed on the phloem sap by inserting their mouth parts into the sieve element tissues. This unique feeding mechanism causes much damage to the physiology, growth, and maturity of the host plant. However, the bigger threat comes from the abilities of these sap-sucking insects to transmit diseasecausing plant viruses through their saliva during this feeding process. Aphids feeding on the sugary solute of the phloem excrete copious amounts of honeydew, which supports a healthy growth of molds on the infested plant parts including leaves, thus diminishing their photosynthetic ability [11] . Sometimes the deposition of honeydew on cotton bolls results in "sticky cotton," which causes price discount [6] . It is estimated that worldwide agricultural loss due to aphids can amount to hundreds of millions of dollars [21] .
Controlling an aphid outbreak in the agricultural field often needs extensive use of chemical pesticides. There has been disturbing reports of aphids showing resistance to pyrethoids [19] , and an alternate mode of aphid control, particularly through biopesticides, has been under investigation for some time. Plant lectins have shown some promise in this direction [9, 22, 23] . Monocot mannose-binding plant lectins (snowdrop, daffodil, garlic, onion), wheat germ agglutinin (WGA, a chitin binding lectin), and common bean phytohemagglutinin (PHA) are toxic to the hemipteran pests [7, 10, 16] . Genes encoding these entomotoxic lectins such as GNA [13, 15, 25] , WGA [17] , pea lectin [20] , and Allium lectin [10, 16] have been introduced into the genomes of different crops, rendering transgenic plants less susceptible to the attack of sap-sucking insects. However, the very high LC 50 value required by these lectins for their anti-feedant activity towards insect pests proved to be a major disadvantage [16, 24] . Therefore, it is desirable to identify a suitable biopesticide, which can be effective at a lower dose, so that it will be an ideal candidate for horizontal gene transfer to develop transgenic plants tolerant against sap-sucking insects.
Recently, a vegetative insecticidal protein (Vip) was identified from an isolate of Bacillus thuringiensis (Bt) showing toxicity towards cotton aphid (Aphis gossypii, Glover) [27] . Cotton aphids are polyphagous pests, which cause devastating damages in various economically important crops including cotton, melon, tomato, a variety of garden ornamentals, etc. [5] . It was speculated that the aphid toxicity was due to the presence of a Vip1-Vip2-type binary toxin. In the present study, one of the component proteins of the binary toxin duo was identified by LC-MS. Subsequently, the genes encoding both the proteins were cloned, and heterologously expressed in Escherichia coli (E. coli), and the recombinant proteins were used for toxicity assays against A. gossypii. Further investigation was performed to find out the specific receptor for this binary toxin, if any, in the aphids compared with other types of insects.
MATERIAL AND METHODS

Partial Purification of the Aphidicidal Protein from the Bt Isolate
The different isolates of B. thuringiensis (Bt) used in this study were provided by Prof. Soumitra K. Sen, Advanced Laboratory for Plant Genetic Engineering, Indian Institute of Technology, Kharagpur, India. The most aphid-toxic (NH
fractionation (60-80%) of the culture supernatant from the BT#BREF24 isolate was further purified by ion-exchange chromatography. The initial fractionation was carried out on an anion-exchanger DEAE-Sephacel (4.5 × 2 cm) and eluted using 2 M NaCl in 20 mM Tris-HCl buffer (pH 7.4) at a flow rate of 6 ml/h, and the flow-through of the first column was charged on a cation exchanger, SP-Sepharose (5 × 2 cm), using a step gradient of 25, 50, 75, and 100 mM NaCl in 20 mM MOPSO [3-(N-morpholino)-2-hydroxy-1-propanesulfonic acid] buffer (pH 6.8) at a flow rate of 4 ml/h (Fig. 1) . Aphid feeding assay was performed with the column fractions, and the column fraction that showed most potent aphidicidal activity was subsequently analyzed by SDS-PAGE.
Aphid Feeding Assay
Aphid feeding assay was performed with the toxic proteins, using 4 t h instar larvae of cotton aphid (A. gossypii). The assay sets for aphid feeding were prepared as described by Hossain et al. [16] . Instead of a complete artificial aphid diet, 0.5 M sucrose solution was used. A similar set-up, devoid of the proteins but containing buffer solution, was used as the control. All experiments were carried out in triplicates over a period of time. The mortality of the aphids was scored by counting the number of live insects present in the bioassay over a time period of 48 h. Probit regression analysis [12] was carried out with the computer program Biostat (http://www.Analystsoft.com) and the LC 5 0 as well as their 95% fiducial limits were determined.
Amino Acid Sequencing and Peptide Analysis to Identify the Toxic Protein(s) Protein(s) of interest were identified by internal peptide sequencing experiments coupled with Tandem Mass Spectrometry in the Lerner Research Institute's Proteomics Laboratory, at Cleveland Clinic Foundation, Cleveland, Ohio, USA. The protein band of interest was digested with trypsin directly in the Coomassie Brilliant Blue (CBB) stained gel. The digest was analyzed using the data-dependent multitask capability of the LC-MS instrument, in which full-scan mass spectra were acquired to determine peptide molecular weights and product ion spectra were acquired to determine the amino acid sequence in successive instrument scans. The data were analyzed by submitting all of the CID spectra collected in the LC-MS run to the database search program Mascot. Peptide-spectra matches were scored and ranked in a process that groups the spectra according to the protein sequence that contains the matching peptide, thereby identifying the source protein.
PCR-Mediated Cloning of the Genes Encoding the Toxic Proteins Total DNA was extracted from the Bt#BREF24 isolate, according to Ausubel et al. [1] . Primers used for amplification of the entomotoxic gene(s) were designed on the basis of the protein identified by amino acid sequencing. Protein homology was compared with the updated GenBank entries using CLUSTALW [30] . The most homologous sequence (Accession No. CAF25084) was used to design the primers (Table S1 ). The PCR products were cloned in the pUC18 vector and sequenced. To be certain of the accurate sequence of the gene of interest, several PCR clones were subjected to sequencing. Sequence comparisons with the databases were performed using NCBI BLAST. Multiple sequence alignments were performed using the CLUSTALW program [30] .
Construction of a Subgenomic DNA Library Total DNA of the specific Bt#BREF24 isolate was digested with XbaI to completion. About 3.5 to 2.1 kb size-fractionated DNA fragments were agarose gel eluted, ligated with XbaI-digested and dephosphorylated pUC18 vector, and transformed into E. coli DH10B cells. Recombinant colonies grown were selected on fresh plates and then lifted onto nitrocellulose discs and probed with 3 2 Plabeled 3' part of vip2Ae following a standard colony hybridization protocol [26] .
A total of 500 clones were screened, out of which three clones (viz., pVip1ABR386, pVip1ABR402, and pVip1ABR409) showed positive signals in colony blot. These three clones were analyzed by restriction mapping using the enzymes XbaI, ClaI, HindIII, BamHI, and EcoRI. The digested fragments were checked on 0.8% agarose gel with λ/EcoRI-HindIII and pUC18/HinfI as molecular weight markers.
Sequencing of the Positive Clones Obtained from the Subgenomic Library
The nucleotide sequencing of the insert DNA (3.078kb) was performed by using pUC18 forward and pUC18 reverse primers as well as two sets of internal primers. In order to obtain complete overlapping sequences of the double strands, several subclones were generated using the internal HindIII site. A total of 10 sequencing reactions were performed for each subgenomic clone to get overlapping contigs. The contigs were then assembled into a single non-overlapping contiguous sequence by using the software Sequencher 4.7 (Gene Codes Corporation).
Heterologous Expression of the Mature Toxic Proteins in E. coli In silico analysis was done to predict the signal peptide sequence of the newly isolated Vip2Ae and Vip1Ae proteins using the SignalP 3.0 Server (http://www.cbs.dtu.dk/services/SignalP/). To delete the putative N-terminal signal sequence, primers dvip2aF and dvip1aF (Table S1 ) were used to amplify a 1.268 kb fragment of the dvip2Ae gene and a 2.5 kb fragment of the dvip1Ae gene using recombinant plasmid pUC18/Vip2Ae and plasmid pVip1ABR386 (Table S1 ) as the template, respectively. Subsequently, both were recloned in the pRSET-A expression vector generating pRSET-A/dVip2Ae and pRSET-A/dVip1Ae and transformed into E. coli expression host BL21(DE3)pLysE. The cells expressing the signal-peptide-deleted toxins were grown in LB, in the presence of 200 µg/ml ampicillin and 34 µg/ml chloramphenicol, to an optical density of 0.6 at 600 nm, and the expression was induced by adding 0.5 mM IPTG at 28 o C for dVip2Ae and at 25 o C for dVip1Ae, and the cells were harvested 6 h post induction.
Purification of the Recombinant Proteins
For purification of the two recombinant proteins (i.e., dVip1Ae and dVip2Ae) generated in E. coli, the following protocol (adapted from the Qiagen Ni-NTA spin column protocol) was used. The cell pellet of the expressed recombinant protein (weighing 2 g) was resususpended in lysis buffer (50 mM NaH
, pH 8.0; 300 mM NaCl; 10 mM imidazole) by vigorous vortexing, and 1 mg/ml lysozyme was added and the suspension was incubated on ice for 30 min. The cell suspension was sonicated in a Microson Ultrasonic Cell Disruptor at 8 watt (RMS), each pulse lasting for 10 s, and this was carried out 6 times at 4 o C. The sonicated cell lysate was centrifuged at 13,000 ×g for 10 min at 4 o C. The supernatant (clarified cell extract) was added to 1 ml of Ni-NTA resin and incubation was carried out for 4-5 h at 28 o C with gentle shaking. The resin was poured onto column, ensuring no bubbles were formed, and washed three times with 1 ml of wash buffer (50 mM NaH
, pH 8.0; 300 mM NaCl; 20 mM imidazole), and the protein sample was eluted with three times of 500 µl of elution buffer (50 mM NaH
, pH 8.0; 300 mM NaCl; 250 mM imidazole).
Ligand Blotting
Aphid midgut was isolated under a stereomicroscope (magnification 4×) in the presence of Ringer's physiological solution (0.65% NaCl; 0.25% KCl; 0.03% CaCl
2
) and kept at 4 o C. Brush border membrane vesicles (BBMV) from the cotton aphid midgut and from lepidopteran insect (i.e., cotton bollworm) were prepared according to Wolfersberger et al. [31] . Equal amounts of BBMVs (50 µg) were resolved on a 8% SDS-PAGE and transferred onto the PVDF (Amersham) membrane electrophoretically using 10 mM CAPS {(3-[cyclohexylamino]-1-propanesulfonic acid)} (pH 10.0). The membrane containing the transferred proteins were blocked overnight with 5% non-fat milk (Sigma) and incubated under similar conditions with purified dVip1Ae protein at a concentration of 100 ng/ml of solution in fresh blocking solution for 4 h with gentle shaking, followed by washing away of excess antigen with 1× PBST (PBS containing 1% Tween-20). The membrane strip was incubated overnight with primary antibody raised against the antigen at 4 o C. Following washing of the excess primary antibody, secondary antibody was added. The immune complexes were detected with an ECL Western blot kit (Sigma) as instructed in the manual.
RESULTS
Purification of the Aphidicidal Protein(s)
Aphid feeding assay results showed that the most toxic component from the bacterial culture supernatant of Bt isolate BREF#24 was present in the 60-80% ammonium sulfate fractionate [27] . The pure protein from this fractionate was obtained by ion-exchange chromatography. First, an anion-exchanger (DEAE-Sephacel) was used, but the aphidicidal proteins remained unbound so they were 940 Sattar and Maiti charged onto a cation-exchanger (SP-Sepharose). This confirmed the nature of the toxic protein to be cationic. The results of the aphid feeding assay verified that the toxic component was present in the eluent of 50 mM NaCl step gradient ( Fig. 2A) .
All elution fractions were also analyzed by SDS-PAGE followed by CBB staining. Simultaneously, a replica SDS-PAGE of the samples was run for visualization by the more sensitive silver nitrate staining procedure. The more sensitive staining revealed the presence of two protein bands, one ~47 kDa major band and a ~93 kDa minor band in the aphidicidal eluent (Fig. 2B) . However, in the CBB-stained gel, only the major lower molecular weight band was observed ( Fig. 2A) . The proteins present in the 50 mM NaCl elution fraction were quantified by densitometric scanning (Kodak Digital Science ID Image Analysis software, version 2.0.1) using the silver-nitratestained gel with respect to known amounts of pure BSA as the standard. It was estimated that the minor 93 kDa and the major 47 kDa proteins of the aphidicidal eluent were present in the quantitative ratio ~1:5.5.
LC 50 Value of the Aphidicidal Binary Toxin
The aphid feeding assay using the vegetative proteins isolated from the Bt isolate #BREF24 against cotton aphids showed interesting results. The 60-80% (NH 4 ) 2 SO 4 fractionate of the crude extract was fed to the aphids at varying concentrations, and the lethal concentration at which 50% of the insects were found dead (LC 50 ) was determined to be 0.8 µg/ml of diet (Table 1) . After cation-exchange chromatography, the partially purified toxin that was present in the 50 mM NaCl eluent had a LC 50 value around 0.35 µg/ml of diet ( Table 1) .
Identification of One of the Proteins of Binary Toxin by Amino Acid Sequence Analysis
The major protein band (47 kDa) of the aphidicidal component was identified by amino acid sequencing. The LC-MS analysis of the trypsin-digested 47 kDa polypeptide band was confirmed by searching the CID spectra that were acquired against the nonredundant database using the program Mascot. The candidate protein showed overall 26% amino acid sequence identity to the reported Vip2Ab protein from B. thuringiensis var. tenebrionis (Btt). However, the internal 9 peptide fragments (Table 2) revealed 100% Although, the identity of the minor protein band (93 kDa) in the aphidicidal fraction was not established immediately, it was hypothized to be the homolog of the reported Vip1Ab, the translocation and binding components of the Vip1Ab-Vip2Ab binary toxin to which the cognate partner Vip2Ab from Btt belonged [18, 28] . It is known from the previous study that the presence of both the components of the binary toxin is absolutely essential for a functional Vip2Ab protein [8] .
Cloning and Sequence Analysis of the Genes Encoding the Aphidicidal Binary Protein Components A PCR-mediated approach was taken to isolate the vip2Ae gene from the Bt isolate #BREF24 using the set of primers designed on the basis of the reported sequence (Accession No. CQ759799). The PCR-amplified product of ~1.4 kb was ligated into the pUC18 vector using the restriction sites BamHI and PstI. Plasmid DNAs were isolated from randomly selected clones and were sequenced doublestrand by automatic sequencing. The sequence similarity search of the vip2Ae gene isolated from the Bt isolate #BREF24 with the known genes using the BLAST program revealed that it is a new homolog of vip2A type gene. The vip2Ae nucleotide sequence (Accession No. EF442245) showed 95%, 97%, and 95% identities with vip2Aa, vip2Ab, and vip2Ac (Accession No. A68321, CQ759799, and AY245547), respectively (data not shown). The sequence analysis of the vip2Ae gene revealed an open reading frame (ORF) of 1,389 bp encoding a polypeptide of 462 amino acid residues with a predicted molecular mass of ~51.8 kDa. The derived amino acid sequence of the vip2Ae gene showed unique changes from the previously reported three Vip2A proteins, Vip2Aa, Vip2Ab, Vip2Ac (Accession No. CAB42390, CAF25084, AAO86513, respectively), at five amino acid residues such as V37→E, I38→V, K78→E, Q195→H, and N226→T, with respect to the full-length polypeptide. The changes in the amino acid residues that were found in the new Vip2A type protein are represented in Table 3 . The CLUSTALW amino acid sequence alignment of the new Vip2Ae protein with the previously reported Vip2A toxins, B. cereus Vip2Aa, B. thuringiensis Vip2Ab, and Vip2Ac, revealed 93%, 94%, and 92% identities, respectively (Fig. S3) .
For proper analysis of the entomotoxic property of the newly isolated Vip2Ae, one of the homologs of the binary toxin component, the gene for the cognate partner was necessary to be isolated, cloned, and characterized. Bioinformatics analysis indicated that although previously reported Vip2As are highly homologous to one another, their respective partners (i.e., Vip1A homologs) are very much dissimilar in sequences. Moreover, the two genes encoding the two proteins of the binary toxin are organized in a single operon in the previously reported Bacillus spp. [28] . In order to isolate the full-length gene of the Vip1A homolog from the newly characterized isolate Bt #BREF24, a subgenomic library was constructed for the particular strain. For this purpose, a Southern blot was first performed to understand the organization of the particular gene in the genome of the chosen organism (Fig. S1 ). The subgenomic library was constructed from the size-selected XbaI fragments (region containing the 3 kb DNA fragments). Screening of the subgenomic library was done by colony hybridization using the same probe that was used in the Southern blot (Fig. S1) , and three positive clones, pVIP1ABR386, pVIP1ABR402, and pVIP1ABR409, were obtained. Restriction mapping of these clones revealed that the putative vip1Ae gene of Bt #BREF24 had one HindIII site and two ClaI sites in the ORF. The results of the restriction mapping also established that the three positive clones of the vip1Ae gene obtained from the subgenomic library had similar restriction fragments for the enzymes used. After a thorough analysis of the results of restriction mapping, a physical map of the vip1Ae-vip2Ae locus in the isolate #BREF24 was constructed (Fig. 3) . Sequence analysis of all the three putative Vip1Ae clones revealed an ORF of 2,625 bases from nucleotides 200 th to 2,824 th with respect to the original subgenomic clone having a 3.078 kb XbaI-XbaI genomic insert (Fig. 3) . The ORF encoded a protein of 874 amino acids with a predicted molecular mass of 97.8 kDa. The physical map analysis revealed that the nucleotide sequence from 1 st -195 th of the above-mentioned three subgenomic clones contains the partial 3' region of the vip2Ae gene, which is present upstream in the vip1A-vip2A operon (Fig. 3) . The vip2Ae gene is separated by a 4 bp spacer (GGAG) from the downstream vip1Ae gene. The nucleotides 2,825 th -
3,078
th of the original 3.078 kb XbaI-XbaI insert indicated the 3' flanking region of the vip1Ae gene (Fig. 3) .
The derived amino acid sequence of the newly isolated vip1Ae gene (Accession No. EF442245.1) of Bt#BREF24 showed 95% homology to the Vip1Ab protein from B. thuringiensis var. tenebrionis (Btt), but has low levels of homology to Vip1Ac from B. thuringiensis strain HD201 and Vip1Aa from B. cereus (i.e., 59% and 67%, respectively). However, the C-terminal region of the Vip1Ae showed lower homology with two of the known Vip1A toxins, such as 25%, and 26% with Vip1Ac and Vip1Aa, respectively (Fig. S2) .
Expression of the Vip1Ae and Vip2Ae in E. coli and Purification of the Recombinant Proteins
On the basis of their amino acid sequences (Fig. S2) derived from the respective genes, the predicted molecular masses of the full-length proteins of Vip1Ae and Vip2Ae are 97.8 kDa and 51.8 kDa, respectively. They were expected to be synthesized as pre-proteins, which after cleavage of the signal peptide were found to be secreted into the bacterial culture medium as the mature proteins of 93 kDa and 47 kDa, respectively (Fig. 2) . The coding DNA sequences (CDSs) corresponding to the mature polypeptide portions for both Vip2Ae and Vip1Ae, designated as dVip2Ae and dVip1Ae, respectively, were PCR-amplified using the specific primer pairs (Table S1 ). After sequence verification, these genes (dVip2Ae and dVip1Ae) were recloned in the pRSET-A vector for the T7 promoter-T7 RNA polymerase-based expression system in E. coli. Since, the expression vector is provided with an N-terminal 6×His tag, both the recombinant proteins dVip1Ae and dVip2Ae should have an additional 3 kDa peptide at the N-terminal. As expected, the individual recombinant proteins upon expression in E. coli showed their resultant molecular masses as ~96 kDa and ~50 kDa, respectively, in SDS-PAGE (Fig. 4) . Both the expressed proteins were obtained in the soluble form (Fig. 5) ; however, the level of expression of the recombinant dVip1Ae was relatively lower compared with the other protein, comprising only ~2% of the total protein (Fig. 5) . On the other hand, the recombinant dVip2Ae A. Solubility and purification of dVip2Ae: lanes 1 and 2, uninduced and induced extracts of pRSET-A/dVip2Ae; lane 3, soluble part of induced pRSET-A/dVip2Ae loaded on Ni-NTA column; lane 4, flow-through of the Ni-NTA column; lanes 5 and 6, first and second washes, respectively; lane 7, purified His-tag recombinant ~50 kD dVip2Ae; M, protein molecular weight marker. B. Solubility and purification of dVip1Ae: lanes 1 and 2, uninduced and induced extracts of pRSET-A/dVip1Ae; lane 3, soluble part of pRSET-A/dVip1Ae loaded on the Ni-NTA column; lane 4, flowthrough; lanes 5 and 6, first and second washes respectively; lane 7, purified recombinant ~96 kDa dVip1Ae; M, molecular weight marker.
was produced in generous amounts, approximately 30% of the total protein.
Toxicity Assay of the Recombinant Proteins
The two recombinant proteins, dVip1Ae and dVip2Ae generated in E. coli, were purified by Ni 2+ affinity chromatography (Fig. 5) and used for aphid feeding assay. Both the proteins were tested individually as well in combination. It was found that the combination of two recombinant toxins showed a LC 50 value against cotton aphid at a dose of 0.576 µg/ml that contained a mixture of 0.096 µg/ml dVip1Ae and 0.481 µg/ml dVip2Ae having a quantitative ratio of 1:5 (Table 1) . On the contrary, when used individually, neither of the recombinant proteins showed any visible effect on the insects under test.
Identification of a Binary Toxin-Binding Receptor in the Midgut of Cotton Aphid
To investigate the presence of a specific membrane receptor in the insect gut, the brush border membrane vesicles (BBMV) proteins were isolated from cotton aphids and lepidopteran insects, separated on SDS-PAGE, and immobilized onto PVDF membrane. Upon charging with the antiVip1Ae antibody, one BBMV polypeptide of around 50 kDa was found to be bound with the dVip1Ae in ligand assay for the aphid sample only, but not with the samples of lepidopteran insect (Fig. 6) . Moreover, the immunoblot performed without dVip1Ae showed no signal (Fig. 6) , which indicated lack of affinity of only anti-Vip1Ae antibody with the BBMV proteins. Fig. 6C showed one control assay, where the BBMV from lepidopteran insect was incubated with Vip3A(BR) protein, which is known to be effective against this particular group of insect [4] . This control assay was included to ensure that the isolated BBMV proteins were not degraded during the experimental procedure.
DISCUSSION
In our previous report, we documented a novel protein component from the culture supernatant of the isolate Bt#BREF24 showing toxicity against cotton aphid (A. gossypii), which is a major pest for several crop plants including cotton [27] . In the present study, detailed investigation has been carried out to reveal the molecular identity of the aphidicidal component. Firstly, to purify the aphidicidal components that are secreted by Bt#BREF24, a protocol for protein purification coupled with aphid bioassay was established, which involved initial ammonium sulfate precipitation followed by a two-step ion-exchange chromatography (Fig. 1) . All the proteins present in the culture supernatant were concentrated, and it was determined that the toxic components were limited to the 60-80% ammonium sulfate fractionate (Fig. 2) . The next step involved the use of an anion-exchange chromatography to purify the toxic protein of interest. However, the aphid bioassay results indicated that the toxic components are not of anionic nature; and they do not bind to DEAESephacel but are eluted in the flow-through of the column (Fig. 2) . Therefore, the flow-through of the first column was used to feed the second ion exchanger, which was cationic SP-Sepharose. Chromatographic analysis revealed that the toxic protein was cationic in nature, eluted in the 50 mM NaCl elution fraction, and it was then resolved by SDS-PAGE. Although the CBB staining showed the presense of apparently pure and single protein band, the silver nitrate stained SDS-PAGE revealed that the toxic fraction contained two proteins, a major band of ~47 kDa and a minor band of ~93 kDa (Fig. 2) .
The insect bioassay performed with this purified component against the cotton aphids showed very encouraging results; the LC 50 value was noted to be 0.356 µg/ml ( Table 2 ). The bioassay established the purified toxic components as a more potent aphidicidal agent compared with the previously reported monocot mannose binding lectins with their LC 50 in the range of 20-34 µg/ ml against Lipaphis erysimi and 134 µg/ml for Concanavalin A against Acyrthosiphon pisum [16, 24] .
Further investigations on the individual proteins of the toxic component led to the identification of the major band 3) and hemipteran cotton aphid (lanes 2, 4).
Anti-dVip1Ae antibody was used in the blots prior to being treated with (A) and without (B) the dVip1Ae antigen. C. The binding specificity of a different binary toxin, Vip3A, to the receptor of lepidopteran BBMV protein isolated by using the same protocol. Anti-Vip3A antibody was used in the blot prior to being treated with (lane 2) and without (lane 1) the Vip3A antigen.
(47 kDa) as Vip2Ab-like protein by LC-MS analysis of the peptides. Previous reports demonstrated that Vip2Ab of B. thuringiensis var. tenebrionis (Btt) and its homologs have an enzymatic activity; that is, NAD-dependant ADPribosyltransferase, which targets the host cytoskeleton by ADP-ribosylation of the actin filament. The Vip2A protein is the enzymatic component of the binary toxin duo Vip1A-Vip2A, with Vip1A acting as the translocation and binding component [2, 3, 8, 14] . It is a well-established fact that the presence of both the components of the binary toxin is essential for their activities against some other (coleopteran) insects [8] . The two components are individually separated protein units, which are cytotoxic only after having met on the target host cell surface. Therefore, even though the 93 kDa minor band of the aphidicidal component identified in this study was not subjected to peptide sequencing, it was anticipated as the cognate partner of the binary toxin duo.
The gene encoding the 47 kDa protein, identified to be the Vip2Ab-like component of the binary toxin, was cloned from the isolate Bt#BREF24 by PCR-mediated approach. The new gene has an ORF of 1,389 bp and showed 97% identity to the previously reported vip2Ab gene at the nucleotide level and encoded a polypeptide of predicted 51.8 kDa molecular mass. However, the mature protein was found to be an ~47 kDa secretory protein in the bacterial culture supernatant, as evident from the SDS-PAGE (Fig. 2) . Therefore, Vip2Ae is expected to be synthesized first as a pre-protein, and then undergoes modification by the proteolytic cleavage of the N-terminal signal peptide. The sequence of the new gene was submitted to the Bacillus thuringiensis toxin nomenclature database (http://www. lifesci.sussex.ac.uk/home/Neil_Crickmore/Bt/), and was assigned as vip2Ae (Accession No. EF442245).
The ClustalW multiple sequence alignment of the newly isolated Vip2Ae protein with the earlier reported three Vip2A proteins, Vip2Aa, Vip2Ab, and Vip2Ac shows that the protein is highly conserved, having 93%, 94%, and 92% identities, respectively, with the above-mentioned three proteins (Fig. S3) . The unique amino acid changes ( Table 3 ) that were found in the Vip2Ae are mostly limited to the N-terminal part. The C-terminal part is much conserved with other proteins, as it is the catalytic moiety of the protein. The presence of certain critical residues, like the "STS motif"(386-388), Arg 349, Arg 400, Glu 428, and Glu 426, at the C-terminal part of the Vip2Ae protein are highly conserved, as they are essential for the NAD-dependent ADP-ribosyltransferase activity [29] .
The cloning of the vip1Ae gene, which encodes the cognate partner of the binary toxin duo, was undertaken by constructing a subgenomic library of the size-selected XbaI fragments of the genomic DNA from the isolate Bt#BREF24 based upon the Southern blot data (Fig. S1) . The newly isolated vip1Ae gene locus is 2.62 kb in size, and contains an ORF of 2,625 bp encoding for a protein of 874 amino acids. The predicted molecular mass of the preprotein is 97.8 kDa, and the mature protein of 93 kDa is formed after the cleavage of the signal peptide at the 31 st amino acid position, and secreted in the bacterium culture medium, as revealed by SDS-PAGE analysis (Fig. 2) .
The amino acid sequence comparison of the new Vip1Ae protein with the previously reported Vip1A proteins revealed that the overall sequence identity varies from 59-95% with the Vip1Ac from B. thuringiensis strain HD201, the Vip1Aa from B. cereus, and the Vip1Ab protein from B. thuringiensis var. tenebrionis (Btt) (Fig. S2) . Although, the N-terminal part up to ~600 amino acids is more conserved, the Vip1Ae protein shares a low level of sequence similarity at the C-terminal part, such as 25%, and 26% with Vip1Ac and Vip1Aa, respectively. It is to be noted here that the homologs of the Vip1A toxin have been reported in several other Gram-positive spore-forming bacteria, for example the iota-b toxin from Clostridium perfringens, C2II toxin from Clostridium botulinum, and the PA (protective antigen) from Bacillus anthracis [18] . Therefore, it can be inferred from the analyses of the nucleotide and amino acid sequences that both the newly reported genes/proteins of the binary toxin from Bt#BREF24 are evolutionarily more close to Vip1Ab-Vip2Ab of Btt than the other reported binary toxins.
Sufficient amounts of the recombinant Vip2Ae and Vip1Ae proteins were produced in E. coli using the T7 promoter-T7 RNA polymerase expression system (Fig. 4) . For further characterization, the aphid feeding assay was carried out with both the native and the recombinant proteins. It was observed that the aphid mortality is possible only under the condition when both proteins are used in a combination (Table 1) . Moreover, no toxicity of this binary protein was observed against lepidopteran insects (data not shown). This was indicative of the fact that the Vip1Ae-Vip2Ae binary toxin is specific towards the cotton aphids.
To verify further the aphid specificity of this toxin, a ligand binding study was performed to identify the receptor molecule, if any, on the BBMV of the aphid midgut along with the samples of the lepidopteran insects. Among the two different types of BBMV proteins isolated [i.e., from cotton aphids (hemipteran) and cotton bollworm (lepidopteran) respectively], the anti-Vip1Ae antibody was able to bind only with the Vip1Ae-aphid receptor complex. The analysis identified one ~50 kDa receptor protein present in the aphid midgut (Fig. 6) . Thus, it could be expected/anticipated that this ~50 kDa receptor of the cotton aphids could recognize the Vip1Ae of the Vip1Ae-Vip2Ae binary toxin and allows it to bind, and consequently translocate the Vip2Ae for eventual host cell lysis. This is in accordance with the Vip1A-Vip2A binary toxin hypothesis that the Vip1Ae is the translocation and binding component of the Vip1Ae-Vip2Ae binary toxin and its presence is necessary
